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Abstract 
In the photosynthetic bacterial reaction centre (RC), light-induced electron transfer is coupled to the uptake of protons 
from the cytoplasm at the binding site of the secondary quinone (QB). Recent crystal structures of RCs from 
Rhodopseudomonas (Rp.) viridis modified at the QB site (Lancaster and Michel, Structure 5 (1997) 1339-1359) can provide 
models for intermediates in the reaction cycle of ubiquinone reduction to ubiquinol. The structures of these intermediates 
provide explanations for their relative binding affinities as required for proper enzymatic function of the QB site. The 
structure of the RC complex with ubiquinone-2 refined at 2.45 ~ resolution (Protein Data Bank (PDB) entry code 2PRC), 
constitutes the first crystallographically reliably defined binding site for quinones from the bioenergetically important 
quinone pool of biological, energy-transducing membranes. In the RC structure with a QB-depleted QB site (PDB entry code 
3PRC), refined at 2.4 A resolution, apparently five, possibly six, water molecules are bound instead of the ubiquinone head 
group, and a detergent molecule binds in the region of the isoprenoid tail. Using the structures 2PRC and 3PRC as a 
reference, the original data set (1PRC, Deisenhofer et al., J. Mol. Biol. 246 (1995) 429-457) was re-examined, resulting in 
the suggestion of a modified ominant QB-binding position for the native ubiquinone-9, which differs from that determined 
for ubiquinone-2. The RC-complex with the inhibitor stigmatellin (PDB entry 4PRC), refined at 2.4 ,~ resolution, indicates 
that additional hydrogen bonds stabilise the binding of stigmatellin over that of ubiquinone-2. The binding pattern observed 
for the stigmatellin complex can be viewed as a model for the stabilisation of a monoprotonated reduced intermediate (QBH 
or QBH-). This indicates that the QB site is not optimised for QB binding, but for Qs reduction to the quinol. © 1998 
Elsevier Science B.V. 
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I. Introduction 
A central role in conversion of solar energy into 
biochemically amenable energy is played by the 
photosynthetic reaction centre (RC), an integral 
*E-mail: lancaster@biophys.mpg.de 
membrane protein-pigment complex. The RCs from 
purple bacteria, where light-induced electron transfer 
steps are coupled to proton transfer eactions, are the 
best characterised membrane protein complexes (cf. 
Refs. [1-7] for reviews). 
The RC of Rhodopseudomonas (Rp.) viridis is 
composed of four polypeptides, namely the L, M, H, 
0005-2728/98/$19.00 © 1998 Elsevier Science B.V. All rights reserved. 
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and C (a tightly bound tetra-haem cytochrome c) 
subunits, and fourteen cofactors (four haem mole- 
cules, four bacteriochlorophyll b, two bacteriopheo- 
phytin b, one carotenoid, one non-haem iron, and two 
quinones, as described previously in, e.g. Ref. [8], cf. 
Fig. l a). The four haem molecules are covalently 
bound by the C subunit, all other cofactors are non- 
covalently bound by the L and M subunits. The 
complex has 11 membrane-spanning helices, five in 
the L, five in the M, and one in the H subunit. Large 
parts of the L and M subunits and their associated 
cofactors are related by a two-fold rotational symme- 
try axis perpendicular to the plane of the membrane 
[8-1 l]. 
As detailed in Fig. la,b, the reduction of bound 
secondary quinone, QB, to the quinol associated with 
the uptake of protons into the RC is an important step 
in the energetics of photosynthetic bacteria [12]. 
However, in the original structure of the RC from Rp. 
viridis (PDB (Brookhaven Protein Data Bank [13]) 
entry code 1PRC [8-11]), the QB site was poorly 
defined because it was only ~30% occupied with 
native QB (ubiquinone-9, UQ9) in the standard RC 
crystals, 
Recently, the structural characterisation f the QB 
site by crystallographic refinement of QB-depleted 
RCs and of complexes of Rp. viridis RCs either with 
ubiquinone-2 (UQ2) or the electron transfer inhibitor 
stigmatellin (cf. Fig. lc) in the QB site has been 
reported [14]. These results will be summarised very 
briefly and their implications discussed. 
2. Structure of the QB site 
2.1. The complex with ubiquinone-2 
As can be seen in Fig. 2a,b, the binding site of 
ubiquinone-2, as derived from crystallographic refine- 
ment at 2.45 A resolution (2PRC [14]), is formed 
exclusively by residues of the L subunit. In particular, 
it involves residues of the transmembrane h lices D 
(L189, L190, L193) and E (L226, L229, L232), of 
the connecting helix DE (L212, L213, L216, L220) 
and of the loop region connecting the latter two 
helices (L222-L225) [15]. 
The reliability of the discussion of hydrogen 
bonding based on these structures has been discussed 
previously [16,14]. The important hydrogen bonding 
interactions for quinone binding are provided (cf. Fig. 
2a) by His-L190 ~NH to the proximal QB carbonyl 
oxygen atom (i.e. the one closer to the non-haem 
iron) and from the peptide NH of Gly-L225 to the 
distal carbonyl oxygen atom. An additional hydrogen 
bond is also possibly donated by the peptide NH of 
Ile-L224. The "y-hydroxyl group of Ser-L223, how- 
ever, which was originally assigned to be the donor 
of a hydrogen bond to the quinone [8], is more likely 
to function as a donor of a hydrogen bond to the 
~-amide oxygen of Asn-L213. This would mean that 
the side chain of Ser-L223 does not have a stabilis- 
ing, but more likely a destabilising effect on the 
binding of QB. 
2.2. QB depletion 
In the structure of the QB-depleted RC, which was 
refined at 2.4 ~ resolution (3PRC [14]), apparently 
five, possibly six water molecules are bound at the 
binding site of the ubiquinone head group, and a 
detergent molecule binds in the region of the iso- 
prenoid tail. As described in more detail elsewhere 
[14], these water molecules are within hydrogen- 
bonding distance to the water molecules of the 'water 
chains' from the cytoplasm to the QB site which have 
been proposed to possibly be involved in the transfer 
of protons to the (doubly) reduced QB [17,18]. This 
QB-depleted structure suggests an additional role for 
these water molecules in the process of the ubiquinol, 
QBH2, leaving the QB site [16,14]. While the quinol 
diffuses out into the membrane bilayer along the 
pathway laid out by its isoprenoid tail, water seeps in 
from the cytoplasm, possibly through diffusion of the 
hydrogen-bonded water molecules in the water 
chains. Upon diffusion of (re-)oxidised QB back into 
the pocket, this procedure would have to be reversed 
in order to remove these water molecules from the 
QB pocket. 
2.3. Reinvestigation of the original data (1PRC) 
A reinvestigation of the original data set (1PRC 
[11]) led to the identification of a weak, but extensive 
feature of electron density which could be accounted 
for neither by the 3PRC model (the QB-depleted QB 
site) nor the 2PRC model (ubiquinone-2 complex). 
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Fig. 1, (a) Bioenergetics in Rhodopseudomonas viridis. The QB site in the reaction centre is highlighted in white. Light is absorbed by the 
bacteriochlorophyll of the B 1015 light-harvesting antennae. Excitation energy is then transferred to a dimer of bacteriochlorophyll, the special pair D, thus 
forming the excited state D*. This decays through electron transfer via the monomeric accessory bacteriochlorophyll B A and the bacteriopheophytin ~b A to 
the 'primary electron acceptor', QA (which is a menaquinone-9 in the RC of Rp. viridis) leading to the formation of D+QAQB, followed by re-reduction of 
D + by haem 3. These processes can be summarised asa photochemical cytochrome oxidation, giving rise to the radical state DQAQB (cf. (b)). The second 
step involves the transfer of this first electron to QB, a ubiquinone-9 in the Rp. viridis RC, resulting in the state DQAQB. After a second photochemical 
cytochrome oxidation in the third step, the diradical state DQAQ~ is formed. While QA can only accept one electron, Q~ functions as a "two-electron gate' 
[56], and after transfer of a second electron and the first proton, the intermediate state DQA(QBH ) is formed in the fourth step (cf. (b)). The transfer of the 
second proton is kinetically indistinguishable from the first proton transfer in the wild-type RC and can only be resolved in the case of mutants with 
significantly retarded second proton transfer rates [57]. The ubiquinol (QBH~) then leaves its binding site and is re-oxidised by a second membrane protein 
complex, the cytochrome bc~ complex (cf. (a)), which results in the release of protons on the periplasmic side of the membrane. This proton transport 
produces a transmembrane el ctrochemical gradient hat drives ATP synthesis [58] through the ATP synthase. The electrons which are released upon 
quinol re-oxidation are cycled back to the reaction centre via a small soluble protein, cytochrome c2, and ultimately re-reduce the photo-oxidised tetrahaem 
C subunit. (b) Quinone reduction cycle. Reduced quinones are typeset in white (modified from Refs. [30,32]). Steps 2, 4, 5, 6, and 7 are reversible. Bold 
frames highlight he redox states relevant o the present work. See panel (a) legend for details. (c) Chemical structures of Q, and the QB-site inhibitor 
stigmatellin. The native QB in the RC of Rp. viridis is ubiquinone-9. See text for details. 
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Fig. 2. Structure of the Q~ site in the Rp. viridis RC. Carbon atoms are located at the ends of light grey sticks, the non-haem iron ion is shown as a large 
light grey sphere. Other spheres depict nitrogen (dark grey), oxygen (black), and hydrogen (white) atoms, respectively. Grey tubes symbolise Ca traces of 
short segments of the polypeptide backbone of the L subunit. Hydrogen bonds (and iron-ligand interactions) are represented as dashed lines. See text for 
details. (a,b) The binding of ubiquinone-2 to the QB site, drawn from the co-ordinates of the PDB entry 2PRC [14]. The left side of panel (b) lies above the 
plane of the paper in panel (a). (c) The QB site after removal of QB, drawn from the co-ordinates of the PDB entry 3PRC [14]. LDAO 
(lauryl-N,N-dimethyl-dodecylamine-N-oxide) is the tergent N,N-dimethyl-dodecylamine-N-oxide. The topright water molecule is most tentative [ 14]. (d) 
Comparison of the QB models (1PRC,~w) for the reinvestigated original data set IPRC (in dark grey), for the Rb. sphaeroides RC (1PCR [17] in light 
grey) and the ubiquinone-2 complex (2PRC [14], in black). (e) The binding of stigmatellin to the QB site, drawn from the co-ordinates of the PDB entry 
4PRC [141. Made with MolScript [59]. 
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Instead, this density could be explained by a 
ubiquinone-7 model (IPRCne w [14], drawn in dark 
grey in Fig. 2d) with ~30% occupancy in a position 
similar to that described by Ermler and co-workers 
for QB in the Rb. sphaeroides RC (1PCR [17], drawn 
in light grey). The most important difference between 
the two models is the different interaction of the 04 
QB carbonyl oxygen with the protein backbone. 
While an interaction with the Ile-L224 N atom can be 
deduced from both models, the 04 carbonyl oxygen 
atom is further than 4 ~ away from the Tyr-L222 
peptide carbonyl oxygen in the 1PRCne w model. This 
distance is 3.4 A for the IPCR model and suggested 
that the observed species may be the reduced quinol 
QBH2 [17]. For the 1PRCn~ w model, this possibility 
can be excluded. This distal binding site obtained for 
the native QB is also compared to the proximal 
binding site obtained for ubiquinone-2 (2PRC, in 
black) in Fig. 2d. While ubiquinone-2 appears firmly 
bound by three hydrogen bonds (vide supra), the sole 
hydrogen-bonding interaction for native QB appears 
to be the acceptance of the hydrogen bond from 
Ile-L224 discussed above. Also, compared to the 
ubiquinone-2 model, the native quinone ring plane is 
flipped by 180 ° around the isoprenoid tail. 
to stigmatellin as compared to QB [14]. Interestingly, 
a single mutation Ser-L223--->Ala in Rb. sphaeroides 
RCs is sufficient to confer stigmatellin resistance 
[27]. 
Two further conclusions may be drawn from the 
results of stigmatellin binding [16,28,14]. Firstly, 
based on the pattern of hydrogen bonding involving 
the hydroxyl and carbonyl oxygen, it is clear why 
stigmatellin binds well enough at both quinone-reduc- 
ing sites and quinol-oxidizing sites to act as a 'dual- 
type inhibitor' [19] in that it has well-developed 
chemical characterisitcs of both a quinone and a 
quinol. Secondly, there are ample experimental 
studies [29-31] suggesting that, with double reduc- 
tion of QB, the first proton is transferred to the distal 
QB carbonyl oxygen. The geometry of binding of the 
monoprotonated, doubly reduced Q~H intermediate 
(and that of the possible, monoprotonated, singly 
reduced QBH intermediate) could very well resemble 
that determined here for stigmatellin [28,14]. Conse- 
quently, the presence of Ser-L223 in the QB site 
illustrates that the QB site is not optimised for QB 
binding (vide supra), but for QB reduction to the 
quinol [16,14]. 
2.4. The complex with stigmatellin 3. A mechanistic model 
Apart from inhibiting quinone reduction, both in 
photosystem II [19] and in photosynthetic RCs 
[20,21], the antibiotic stigmatellin [22,23] (cf. Fig. 
lc), is equally active at inhibiting quinol oxidation, 
for instance in the photosynthetic b ~ complex [24], 
in the cytochrome b6f complex of chloroplasts [19], 
and in the mitochondrial bc~ complex [25,26]. In the 
structure of the RC complex with stigmatellin refined 
at 2.4 A resolution (4PRC), the pattern of hydrogen 
bonding for stigmatellin is largely identical to that of 
ubiquinone-2 (cf. Fig. 2e). Stigmatellin binding dif- 
fers from ubiquinone-2 binding in two additional 
hydrogen bonds. Firstly, the stigmatellin proximal 
methoxy oxygen atom can act as a second acceptor of 
a hydrogen bond from the His-L190 N8 atom. 
Secondly, the Ser-L223 O-/atom accepts a hydrogen 
bond from the stigmatellin hydroxyl. The two addi- 
tional hydrogen-bonding interactions may well be 
sufficient o explain the higher affinity of the Q~ site 
On the basis of the structures presented here, the 
sequence of events (cf. Fig. l b) can be implied for, 
firstly (Fig. 3a), the binding of QB to the distal QB 
site (as derived from 1PRCnew), thus displacing some 
of the water molecules of the empty pocket. Secondly 
(Fig. 3b) after a 180 ° flip of the quinone ring around 
the isoprenoid tail and further displacement of water 
molecules, the proximal binding of QB can be derived 
from the structure of the RC complex with 
ubiquinone-2 (2PRC). This is the position in which 
neutral QB accepts an electron from Q~,. The hydro- 
gen bonds donated to the quinone will automatically 
lead to a tighter binding of the negatively charged 
semiquinone QB compared to the neutral species. In a 
third step (Fig. 3c), concomitant with the transfer of 
the second electron, the first proton is transferred, 
possibly via a transiently protonated Ser-L223-OH~ 
[32], thus forming the monoprotonated, doubly re- 
duced intermediate QBH- (Fig. 3d), the structure of 
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Fig. 3. Mechanistic implications of the structures 2PRC, 3PRC, 4PRC [14], and the revised model IPRC,c w for the events at the QB site within the quinone 
reduction cycle (cf. Fig. lb). Dashed arrows symbolise quinone movements, thin solid arrows proton and electron transfer events, and thick solid arrows 
highlight discussed interactions. Panel (a) is drawn from co-ordinate set 1PRC ..... panels (b) and (c) from 2PRC, panel (d) is derived from 4PRC, panel (e) 
is derived from panel (d), and panel (f) is a combination of 3PRC and 1PCR [17], In panel (f), the ring plane of Phe L216 stacks directly above the QBH2 
ring system (cf. also Fig. 2a,b). Figure modified from [14]; made with MolScript [59]; see text for details. 
which is derived from the stigmatellin-RC complex 
(4PRC). After transfer of the second proton, the 
relative destabilisation of binding of the ubiquinol 
QBH2 must arise on the proximal side (Fig. 3e). 
Diffusion of water molecules from the hydrogen- 
bonded chain into the QB site may facilitate the 
removal of the quinol [ 16,14], possibly via a structure 
(Fig. 3f) similar to that determined in Ref. [17], until 
the QB site is 'empty' again, i.e. filled by five to six 
water molecules (3PRC, cf. Fig. 2c). Movement of 
the quinol from the proximal position (Fig. 3e) to the 
distal position (Fig. 3f) may also be facilitated by 
increased stacking interactions of the aromatic ring 
system with the Phe-L216 ring. In summary, these 
structures of intermediates provide explanations for 
their relative binding affinities ({QBH-}>{Q~}>> 
{QB}>{QBH2}) as required for proper enzymatic 
function of the QB site. 
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4. Biological implications of the present 
structures 
In 1957, Crane and co-workers reported the dis- 
covery of ubiquinone or 'coenzyme Q' in beef heart 
mitochondria [33,34]. Since then it has emerged that 
quinones are ubiquitous components of electron 
transport chains in the energy-transducing membranes 
of chloroplasts, mitochondria, nd bacteria [35,12]. 
The explanation of non-linear inhibition kinetics by 
the electron-distributing function of ubiquinone [36], 
the high concentrations of quinones relative to other 
components of electron transport chains [37], and 
experiments demonstrating the lateral and transverse 
mobility of quinones [38-40] indicate that quinones 
can act as mobile lipophilic, distributive electron 
carriers at branch points of these chains, connecting 
many different membrane-bound electron transfer 
complexes. The distribution of quinones and their 
role in bacterial photosynthesis have been reviewed 
by Parson [41] and Wraight [42] with photosynthetic 
bacteria typically containing 25 quinone molecules 
per RC [41]. Despite the deposition in the PDB of a 
number of RC co-ordinate sets already containing 
models for QB, the determination by X-ray crys- 
tallography of a reliable model for the binding of 
native QB has remained an elusive goal, as discussed 
earlier [15,28,16], and in an updated form more 
recently [14]. The situation appears imilar for the 
quinone-binding sites in the emerging structures of 
the redox-active subunits of the cytochrome bc I 
complex [43,44]. In this context, the QB-binding site 
described on the basis of the complex with 
ubiquinone-2 (2PRC [14]) is the first binding site for 
mobile quinones from the bioenergetically important 
quinone pool of biological, energy-transducing mem- 
branes reliably to be characterised by X-ray crys- 
tallography. This reliable definition was a prerequisite 
for a detailed comparison of the QB site to the QA site 
[14]. It has also provided a reliable basis for electro- 
static calculations investigating the effect of light- 
induced electron transfer on protonation equilibria 
within the RC [32]. 
The structure of the stigmatellin complex (4PRC) 
has already had an impact on the discussion of 
functional significance of the 'Rieske' iron-sulfur 
protein in the Qo binding site of the cytochrome bcl 
complex [45-48]. 
All of these structures are important for the 
modelling of the QB site in the D1 protein of the 
chloroplast photosystem II [49-55]. 
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